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The Drosophila Microtubule-Associated Protein
Mini Spindles Is Required for Cytoplasmic
Microtubules in Oogenesis
shown here are from the latter genotype, the stronger
of the two.
We initially examined the localization of bicoid (bcd)
mRNA, which is localized to the anterior pole of wild-
type (WT) eggs. This localization is completely absent
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New York, NY 10027 in eggs from msps mutant mothers (Figure 1A). The
bcd mRNA localization defects are due to the msps
mutations; they are rescued by a msps transgene (Fig-
ure 1A). Unlike bcd mRNA, oskar (osk) mRNA, which isSummary
localized to the posterior pole [8], remains localized in
msps eggs (Figure 1B). The Drosophila TACC familyThe XMAP215/TOG family of proteins is a closely re-
lated set of MAPs (microtubule-associated proteins) member, D-TACC, recruits Msps to spindle poles [4,
5] and acts in concert with Msps to regulate spindlefound in animals, yeast, and plants [1]. In yeast and
animal cells, the XMAP215/TOG proteins are required structure. However, we found that d-tacc is not required
for bcd RNA localization. We examined bcd RNA in em-for both mitosis and meiosis. Although effects of
XMAP215/TOG proteins on cytoplasmic microtubules bryos from mothers bearing a strong d-tacc allele,
d-taccstella. bcd RNA localization was normal in thesehave not previously been shown in animal cells, in
plants the Arabidopsis family member MOR1 is re- embryos (Figure 1A), suggesting that the functions of
msps and d-tacc have diverged with regard to bcd RNAquired for the organization of cortical microtubule
arrays [2]. The Drosophila family member, encoded by localization.
We determined when in oogenesis bcd RNA localiza-the mini spindles (msps) gene, is maternally expressed
and loaded into the egg, where it is an essential com- tion defects first occur in msps mutants (Figures 1C–1D).
Drosophila oocytes develop in egg chambers that con-ponent of meiotic and mitotic spindles [3–5]. Here we
show that msps is also required during oogenesis for tain 16 interconnected germline cells, 15 nurse cells and
1 oocyte, surrounded by somatic follicle cells [9]. bcdthe structure and function of cytoplasmic microtu-
bules. Localization of bicoid (bcd) mRNA in the oocyte RNA is synthesized in the nurse cells and is transported
into the oocyte through connecting structures calledis a microtubule-mediated event [6, 7]. We show that
bcd RNA localization is defective in msps mutants. We ring canals. In the oocyte, anterior localization of bcd
RNA is evident from stage 8 of oogenesis onward [10,also identify defects in cytoplasmic microtubules in
both the germ and follicle cells of mutant ovaries and 11]. Although bcd RNA is anteriorly localized in msps
stage 8 and 9 oocytes, some have patchy or disperseddetermine the expression pattern of msps mRNA and
protein in developing egg chambers. Our findings re- RNA (see Supplemental Figure 1). By stage 10, bcd RNA
is reduced at the oocyte anterior and displaced alongveal a new role for msps in cell patterning and raise
the possibility that other family members may perform the lateral edges (Figure 1C), and by stage 12 localized
RNA can no longer be detected in mutant oocytes (Fig-similar functions.
ure 1D). Thus, although the initial steps of bcd RNA
localization occur in msps mutants, they are not entirelyResults
normal, and localization is not maintained in later stages.
To examine microtubule organization directly in mspsMicrotubules are required for the subcellular localization
of several mRNAs in the Drosophila egg [6, 7]; this local- mutants, we labeled ovaries with an antibody to -tubu-
lin. Microtubules in many stage 9 msps egg chambersization spatially restricts the protein products of these
mRNAs, and these restricted proteins in turn pattern the appear normal and, like WT oocytes [12], are more con-
centrated at the oocyte anterior (Figure 2A). However,egg and embryo [8]. Given its maternal expression, we
asked if msps is required for RNA localization in the some stage 9 egg chambers have obvious defects in
their microtubule cytoskeletons. Individual egg cham-egg. Two msps alleles were available for our studies.
bers exhibit phenotypic variability, consistent with theNeither allele is null, allowing the survival of adults of
hypomorphic nature of the msps alleles. The examplespecific genotypes. The mspsP mutation, a strong allele,
shown in Figure 2B illustrates several of the defects wehas a P element inserted in the first intron of msps and
have observed. Microtubule density is often reduced inis homozygous lethal [3]. The msps208 mutation, a weak
the nurse cells and oocyte, and the existing microtu-allele, is viable but female sterile. It was isolated by
bules appear disorganized. In the follicle cells microtu-imprecise excision of the P element resident in mspsP
bule density is highest at the outer (basal) edges of WTand is deleted for most of the first intron plus part of
cells, whereas in the msps follicle cells this polarity isthe 5 UTR of msps [4]. We looked at both msps208/
lost. We observed a population of microtubules that aremsps208 and mspsP/msps208 mutants. The examples
associated with the ring canals linking the nurse cells
to the oocyte in stage 9 and early stage 10 egg cham-
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Figure 1. msps Is Required for bcd mRNA
Localization
(A) bcd mRNA. bcd RNA is localized to the
anterior of WT embryos, but not embryos
from msps mothers. Localization is restored
in embryos from msps mothers carrying a
msps transgene. In embryos from d-tacc
mothers, bcd RNA remains localized.
(B) osk mRNA. osk mRNA is localized to the
posterior pole of embryos from WT and msps
mothers.
(C) bcd RNA is reduced and spreads laterally
in msps stage 10 oocytes.
(D) bcd RNA is no longer localized in msps
stage 12 oocytes.
WT  wild-type; msps  mspsp/msps208;
p[msps];msps p[msps]/; mspsp/msps208;
and d-tacc  d-taccstella/d-taccstella.
Figure 2. Microtubule Defects in msps Egg Chambers
(A) Microtubule density is highest at the anterior (arrows) of WT and many msps stage 9 oocytes.
(B) In some msps stage 9 egg chambers, the density of microtubules is decreased in the oocyte and the nurse cells, and the remaining
microtubules appear disorganized. In the overlying follicle cells of WT stage 9 egg chambers, the density of microtubules is strongest at the
outer (basal) edges of the cells; this polarity is lost in the msps egg chamber shown here.
(C) Microtubules are associated with and extend through the ring canals that link the nurse cells and the oocyte in stage 9 and early stage
10 egg chambers. These microtubules are reduced in the msps egg chamber shown here and do not form the extensive array that is apparent
in the nurse cell cytoplasm of the WT example.
Left panels  microtubules alone. Right panels  microtubules (green) plus actin (red). White arrows  ring canals; black arrows  -tubulin-
rich signal that provides a marker for the oocyte side of the ring canal in this example; MT  microtubules; RC  ring canals; fc  follicle
cells; nc  nurse cell; O  oocyte; WT  wild-type; and msps  mspsp/msps208.
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Figure 3. msps Expression Is Temporally Altered in Mutant Ovaries
(A and B) msps mRNA in WT (A) and msps (B) egg chambers. In WT egg chambers, msps RNA accumulates in the oocytes (cells labeled with
an asterisk) of young egg chambers and is localized at the anterior of stage 8 and 9 oocytes (arrow). Expression increases in the nurse cells
at stage 10, and transfer of the nurse cell cytoplasm produces late-stage oocytes (stages 12–14) with high levels of uniformly distributed
msps mRNA. In msps egg chambers, msps RNA is reduced by stage 7 and is barely detected at the anterior (arrow) of stage 8 and 9 oocytes.
(C and D) Msps protein in WT egg chambers. (C) Msps accumulates in young (stage 1–7) oocytes (arrow) and is concentrated around the
entire cortex of stage 10 oocytes. The nurse cells adjacent to the oocyte (nuclei labeled with an asterisk) express higher levels of Msps than
more-distal nurse cells. (D) There is a transient increase in Msps concentration at the oocyte anterior at stage 9. WT  wild-type; msps 
mspsp/msps208; O  oocyte; and s  stage.
fied before by injection of rhodamine-tubulin [13], but the nurse cells adjacent to the oocyte expressing the
highest levels of protein (nurse cells with starred nucleiin that study microtubules were not observed passing
through the ring canals. Within the nurse cell cytoplasm, in Figure 3C). In stage 8/9 oocytes, there is a transient
increase in the concentration of Msps at the anteriorthese microtubules fan out and form an extensive array.
In msps mutants the density of these microtubules is cortex of the oocyte (Figure 3D, arrow), but this resolves
to a more even distribution around the entire oocyteoften reduced, and they do not form an obvious array
in the nurse cell cytoplasm (Figure 2C). cortex in stage 10 oocytes (Figure 3C). In msps mutant
ovaries, Msps protein levels decrease after the observedBecause bcd RNA localization and microtubule orga-
nization decline in msps oocytes as oogenesis pro- decrease in msps mRNA (not shown). These observa-
tions suggest that mspsP/msps208 females produce suffi-ceeds, we considered that msps expression might be
temporally altered in the mutants used in our studies. cient levels of Msps to allow normal, or relatively normal
function until mid-oogenesis, with function declining asIn WT females, msps is expressed throughout oogenesis
in both the germ cells and follicle cells (Figure 3A). Inter- oogenesis proceeds. To determine if reducing msps ex-
pression further would completely eliminate bcd RNAestingly, we found that msps mRNA is itself localized.
In young egg chambers, msps mRNA accumulates pref- localization, we have attempted to produce germline
clones of the mspsp allele. However, these clones arresterentially in the oocytes (starred cells, Figure 3A). Later,
the RNA localizes to the anterior cortex of stage 8–9 in region I of the germarium, indicating that msps is
also required early in oogenesis, during the germlineoocytes (arrow, Figure 3A). Expression increases at
stage 10, and subsequent transfer of the nurse cell cyto- cystoblast divisions that produce the egg chambers
(W.M. and T.H., unpublished data).plasm yields late-stage oocytes (stages 12–14) with uni-
formly distributed msps mRNA. In msps ovaries expres-
sion appears normal in young egg chambers, and the Discussion
RNA accumulates in the oocytes (Figure 3B, starred
cells). However, the RNA signal decreases dramatically What role might Msps play in bcd mRNA localization?
bcd RNA is initially localized in stages 8 and 9 mspsP/after stage 7 and can barely be detected at the anterior
of stage 8 oocytes (arrow, Figure 3B). msps208 oocytes, but some egg chambers have patchy
or dispersed RNA, indicating that localization is lessLike its mRNA, Msps protein accumulates in the oo-
cytes of young-stage egg chambers (Figure 3C, arrow). efficient at these stages. Later in oogenesis, bcd RNA
localization is completely lost in the msps mutants (Fig-An Msps gradient is present in the nurse cells, with
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methanol and stored at 20C. After rehydration, the embryos wereure 1). This progressive loss of bcd RNA localization
fixed again in 4% paraformaldehyde in PBS for 15 min, washed,mirrors the temporal decline in msps expression that
and treated with 40 g/ml proteinase K (Roche Applied Science) inoccurs in the mutant egg chambers (Figure 3B). We
PBT (PBS 0.1% Tween 20), incubated in 2 mg/ml glycine, washed
favor a model in which msps is required to regulate the in PBT, and again fixed in 4% paraformaldehyde for 20 min. Ovaries
structure of more than one population of cytoplasmic from 2- to 3-day-old females were fixed for 15 min in a 8:1:1 mixture
(4% paraformaldehyde in PBS:Chlorox:dimethysulfoxide), trans-microtubules, including microtubules required in mid-
ferred to methanol, and stored at 20C. After rehydration, the ova-oogenesis for bcd RNA transport and microtubules re-
ries were treated with 50 g/ml proteinase K, washed in PBT, andquired later for anchoring bcd RNA at the oocyte ante-
fixed for 15 min in 4% paraformaldehyde. After washes in PBT, therior. Consistent with this model, we have observed
embryos and ovaries were transferred into hybridization buffer
defects in several populations of microtubules in msps (HB  5XSSC, 0.1% Tween 20, 0.1 mg/ml heparin, 0.1 mg/ml dena-
egg chambers (Figure 2). The requirement for msps in tured salmon sperm DNA, 50% formamide), prehybridized for 1 hr,
and then incubated with DNA probes labeled with dig-dUTP via thethe late maintenance of bcd, but not osk mRNA localiza-
DIG-Nick Translation Mix (Roche Applied Science) at 45C overnight.tion (Figure 1), is consistent with studies that show that
After sequential washes in HB and PBT, the probes were detectedthe maintenance of osk mRNA localization is actin de-
by either a chromogenic stain or a fluorescent tag. For chromogenicpendent, not microtubule dependent [14, 15].
in situ hybridization, the embryos and ovaries were incubated in an
Biochemical experiments have shown that other alkaline phosphatase-conjugated antidigoxygenin antibody (Boer-
XMAP215/TOG family members promote spindle as- inger Mannheim) at a dilution of 1:2000 in PBT for 1 hr and stained
with 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indo-sembly and regulate microtubule dynamics by promot-
lyl-phosphate (Boeringer Mannheim) in alkaline phosphatase stain-ing growth of microtubules at their plus ends [1, 16–19].
ing buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris [pH 9.5], andDuring oogenesis, Msps may affect the dynamics of
0.1% Tween20). For fluorescent detection, probes were detectedmicrotubules that provide the pathway for bcd RNA
with a sandwich of fluorescently labeled primary and secondary
transport within and between the nurse cells and oocyte; antibodies; the egg chambers were incubated for 1 hr in a rhoda-
possibly, these microtubules include those we have ob- mine-conjugated antidigoxygenin sheep antibody (Boehringer Mann-
heim) at a dilution of 1:100 in PBT, washed in PBT, and then incu-served in this study (Figure 2C). The gradient of Msps
bated for 1 hr in a TRITC-conjugated rabbit anti-sheep antibodyin the nurse cells (Figure 3C) is intriguing and may serve
(Jackson Immunoresearch) at a dilution of 1:200 in PBT . After sev-to preferentially regulate the plus ends of these microtu-
eral washes in PBT, the egg chambers were mounted on slides inbules. Alternatively, Msps might affect the minus ends
fluoromount G (Southern Biotechnology).
of these and other microtubules required for anchoring
bcd RNA in the oocyte. XMAP215/TOG proteins are con-
Immunostainingcentrated at the poles of spindles in dividing cells [1,
Ovaries from 2- to 3-day-old females were fixed for 9 min in a 6:1
16]. Cullen and Ohkura proposed that Msps may orga- mix of heptane:fixative (6% formaldehyde, 16.7 mM KPO4 [pH 6.8],
nize the poles of the female meiotic spindle by capturing 75 mM KCl, 25 mM NaCl, and 3.3 mM MgCl2). After washes in
microtubules at their minus ends [4]. Msps could act PBTx (1 PBS, 0.1% Triton X-100), the ovaries were blocked and
permeabilized for 4 hr in 1% BSA in PBST (1 PBS, 0.1% Tritonsimilarly on cytoplasmic microtubules required for bcd
X-100, 0.05% Tween-80) and incubated overnight at 4C in primaryRNA localization and stabilize the attachment of their
antibody diluted in 1% BSA in PBST at 1:1000 for anti-Msps (pro-minus ends at the oocyte cortex, where Msps is itself
vided by H. Ohkura) and 1:250 for anti--Tubulin(Sigma). The ovaries
concentrated (Figures 3C and 3D). were washed in PBTx, then incubated for 3 hr in secondary antibody
Given their localization to the poles and microtubules (FITC or rhodamine-conjugated anti-mouse or anti-rabbit F(ab)2
of spindles in dividing cells, members of the XMAP215 fragment, Jackson Immunoresearch) at a dilution of 1:500 in PBTx.
For labeling the microtubules in egg chambers, a sandwich of fluo-family of proteins might play a role in the association
rescently labeled antibodies was used: mouse FITC-anti--Tubulinof mRNAs, or even noncoding structural RNAs, with
primary antibody (Sigma F2168), followed by FITC-anti-mouse sec-spindles. Recently, mRNA localization to centrosomes
ondary antibody (F(ab)2 fragment, Jackson Immunoresearch) at
has been shown to accompany the asymmetric distribu- 1:500. In cases where the DNA was labeled, the ovaries were washed
tion of patterning mRNAs to daughter cells in Ilyanassa in PBST, incubated in 0.4 mg/ml RNase A for 1 hr at 37, washed
embryos [20]. The factors that mediate this centrosomal again, and stained in propidium iodide (0.1 mg/ml) or Sytox Green
(0.1 M) for 20 min. The ovaries were mounted as described aboveattachment are unknown, as is the extent of association
(in situ hybridization protocol).of RNAs with spindles in general. MAPs, including the
XMAP215/TOG proteins, are candidates for such events
Supplemental Dataand may prove to be valuable tools for identifying spin-
Figure S1 is available with this article online at http://www.current-dle-associated RNAs.
biology.com/cgi/content/full/14/21/1957/DC1/.
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